Infrared properties of La 2 _ x (Ca,Sr) x CaCu 2 06+5 single crystals 
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The in-plane optical properties of two crystals of the bilayer cuprate La2-^(Ca,Sr) :r CaCu206+5, 
one with excess Ca and x = 0.10 and the other with Sr and x — 0.15, were investigated over 
the frequency range of 45-25000 cm -1 . The optical conductivity has been derived from Kramers- 
Kronig transformation. Each crystal exhibits a peak at around 15000 cm -1 which corresponds to 
the charge-transfer gap of the parent insulator. With increasing carrier density, spectral weight 
shifts from the CT excitation to the low-tj region. For the superconducting sample (x = 0.15), the 
optical conductivity displays a peak in the far-infrared region, which shifts toward zero frequency 
with decreasing temperature. The temperature-dependent behavior favors a dynamical localization 
picture. A "pseudogap" feature is observed in the low-frequency reflectance and the scattering rate 
spectra. Both the energy scale and the temperature dependence of the "pseudogap" are similar to 
other bilayer cuprates. 

PACS numbers: 74.25.Gz, 74.72.-h 



A common structural feature in all high-T c cuprates 
is the presence of Cu02 planes. High-temperature su- 
perconductivity depends not only on the carrier den- 
sities in the Cu02 planes, but also on the number of 
Cu02 planes in a unit cell (n). Within each family 
of cuprates, the superconducting transition temperature 
(T c ) increases with layer number for n < 3. This is 
well illustrated in Bi-, T1-, and Hg-based systems. On 
the other hand, the transition temperatures for different 
families differ considerably. Among the most studied sys- 
tems, the transition temperature T c for bilayer materials 
YBa2Cu307_,5 and Bi2Sr2CaCu20s+,5 at optimal dop- 
ing exceeds 90 K, whereas the maximum T c s for single- 
layer materials La2- a; Sr :c Cu04+5 and Bi2Sr2Cu06+a are 
around 30 — 40 K. However, not all single-layer cuprates 
have such low transition temperatures. The maximum 
T c for Tl 2 Ba2Cu06+<5 also reaches 90 K. For this reason, 
we classify La2- x Sr :l: Cu04+5 and Bi2Sr2CuOg+5 as low- 
T c compounds within the high-T c cuprates. At present, 
the reason for different T c s in those materials is unclear. 

Among all known bilayer materials, the La-based sys- 
tem Lai.9Cai.iCu 2 06+5 (La2126) phase could be re- 
garded as the simplest one.EJ The structure consists of a 
pair of pyramidal Cu-0 layers facing one another, which 
are the only electronically active elements. Therefore, it 
is expected that this material could provide essential in- 
formation about bilayer cuprates. Unfortunately, it has 
proven to be very difficult to make the material supercon- 
ducting. The reported superconducting transition tem- 
peratures for single crystals prepared under high oxygen 
pressure, or with Sr substitution for La, are below 50 K 
(Rcf. |2|). For polycrystalline samples, T c can be a bit 
higher (around 60 K) than for the single crystalsJH but it 
is not clear why higher T c s are not observed. At present, 
La2126 must be considered as a low-T c case among the 
bilayer high-T c cuprates. It is of interest to investigate 
physical properties of this system and to compare them 



with the single-layer La2-xSr a; Cu04+5 in the same fam- 
ily, as well as with other bilayer cuprates. 

Owing to the difficulty of obtaining superconduct- 
ing compounds, relatively few physical measurements 
have been made on this system. In this work we 
present the in-plane reflectivity and optical conductiv- 
ity data for single crystals of Lai.gCai.iCu206+<5 and 
Lai.85Sro.i 5 CaCu206+,5- We shall show how optical spec- 
tra evolve with temperature for the more-highly doped, 
slightly superconducting sample. To our knowledge, such 
temperature-dependent work has not been dene previ- 
ously. The only reported in-plane optical worko was car- 
ried out at room temperature and for frequencies higher 
than 250 cm -1 . 

Large single crystals of La2_ x (Ca,Sr) a ,CaCu20 6+( 5 
were grown by the traveling-solvent floating-zone tech- 
nique. The Ca-doped x = 0.10 sample was grown in 
oxygen atmosphere at ambient pressure, while the Sr- 
doped x = 0.15 crystal was grown at an oxygen partial 
pressure of 10 bar. Based on the dopant concentration, 
and ignoring the uncertainty in the oxygen stoichiomc- 
try, the hole concentrations per Cu02 plane are 0.05 and 
0.075, respectively, spanning the threshold concentration 
for superconductivity in La2-xSr2;Cu04+5. Magnetiza- 
tion measurements with a superconducting quantum in- 
terference device indicate that the x = 0.10 sample is 
not superconducting down to the lowest measurement 
temperature ~ 2 K, but that the Sr-substituted sample 
exhibits a weak superconducting response with an onset 
temperatureppf 28 K. For a given value of x, Kinoshita 
and YamadaQ found that both T c and the Meissner sig- 
nal increase with oxygen content (controlled by anneal- 
ing in an oxygen atmosphere of increasing pressure). Our 
x = 0.15 crystal, grown in 10 bar O2, appears compara- 
ble to their sintered sample annealed in 50 atm (49 bar) 
2 . 

The polarized reflectance measurements from 45 to 
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FIG. 1: The frequency dependent reflectance and conductiv- 
ity of La2-2,(Ca,Sr)a;CaCu206+i withx=0.10 (Ca-doped) and 
x=0.15 (Sr-doped) at room temperature. The dash curves are 
Drude-Lorentz fits. 



25000 cm -1 for E||a-axis were carried out on a Bruker 
66v/S spectrometer on polished surfaces of crystals, 
which were mounted on optically black cones in a 
cold-finget. flow cryostat using an in situ overcoating 
techniques The optical conductivity spectra were de- 
rived from the Kramers-Kronig transformation. Since 
the high-w extrapolation affects the conductivity spectra, 
especially the oscillator strength of the charge-transfer 
(CT) excitation, we connect the reflectance spectra to 
the high frequency data of L^-zSr^CuC^+i by Uchida 
et alB The Hagen-Rubens relation was used for the low 
frequency extrapolation. It is found that different choices 
of dc conductivity values have minor effect on the con- 
ductivity in the measured frequency region. 

Figure 1 shows the in-plane reflectance and optical con- 
ductivity spectra of the two crystals at room tempera- 
ture. Below the reflectance edge at about 8000 cm -1 , 
the reflectance of the Ca-doped sample is substantially 
lower than that of the Sr-substituted sample, as one 
would anticipate based on the different nominal hole con- 
centrations. In accord with this, the optical conductiv- 
ity at low frequencies is considerably larger in the Sr- 
doped sample. Detailed analysis of the low-w response 
will be presented in following paragraphs. At higher fre- 
quencies, the conductivity has two distinct absorption 
features: a Cu-0 CT excitation near 15000 cm" 1 and 
mid-infrared bands. With increasing carrier concentra- 
tion, spectral weight is shifted from the CT excitation to 
the Iow-lj region. Comparisons with measurements on 
La 2 _ a; Sr a; Cu04+5 (Ref. §), YBa 2 Cu 3 7 _ 5 (Ref. 0), and 
Y-substituted Bi 2 Sr2CaCu208+,s (Ref. [sj) indicate that 
the conductivity spectra are consistent with samples near 



TABLE I: The parameters of the Drude-Lorentz fit to the 
room temperature data for the two samples. (All quantities 
are in units of cm -1 .) 
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the hole-concentration threshold for superconductivity. 

The formation of a mid-infrared band is often seen 
in strongly correlated electronic materials. In doped 
Mott insulators, the mid-infrared peak is the first fea- 
ture to appear at low doping; with increasing dop- 
ing, weight grows at lower frequencies and eventually 
a Drude-like peak centered at lo — develops.0 This 
kind of evolution has been well documented in the single- 
layer La2- a; Sr a ;Cu04+5 cuprate.B The observed change 
in bilayer Lai.gCai.iCu206+<5 is consistent with the gen- 
eral feature. The accumulation of low-w spectral weight 
could be quantitatively analyzed from the partial sum- 
rule, N e ff(u>) — (2m e V/ire 2 ) J Q ai(oj')du)' , where m e is 
the bare electron mass and V is the volume of the unit 
cell. Usually, an integral of the spectral weight below the 
frequency of reflectance or conductivity minimum would 
give approximately the overall plasma frequency. How- 
ever, since the a\{ui) contains obviously different compo- 
nents, such integration may overcount the contributions 
of free carriers. A Drude-Lorentz analysis would be more 
appropriate in this case. The general formula fat, the 
optical conductivity of the Drude-Lorentz model isEl 
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where lo* and Yd in the Drude term are the plasma fre- 
quency and the relaxation rate of the free charge carri- 
ers, while ujj, Tj, and lu p j are the resonance frequency, 
the damping, and the mode strength of the Lorentz os- 
cillators, respectively. As shown in Fig. 1, the main fea- 
tures in ui{lo) below the frequency of the reflectance min- 
imum can be well reproduced by the combination of one 
Drude component and two Lorentz oscillators. The fit- 
ting parameters in the Drude-Lorentz model for the two 
samples are shown in Table I. The overall evolution of 
optical spectra with doping is similar to other high-T c 
cuprates. In the following we shall mainly focus on the 
temperature-dependent behavior of the superconducting 
sample in the low-energy region. 

Figure 2 shows the reflectance and conductivity spec- 
tra below 2000 cm -1 at different temperatures for the 
Sr=0.15 sample. In general, the temperature dependence 
of the optical spectra shows a metallic response, with 
the Iow-lj conductivity becoming significantly enhanced 
with decreasing temperature. At the same time, o\ (to) 
at 200 K and 300 K exhibits a peak at finite frequency, 
reaching 150 cm -1 at 300 K, in contrast to the u> = 
peak expected for standard Drude behavior. 
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FIG. 2: The frequency dependent reflectance and conductiv- 
ity of Lai.85Sro.i5CaCu206+i at different temperatures. 



A peak at finite frequene 
number of high-T c cupratesEJPfc3£fb L5 H 16 I as well as m 
many other correlated materials Olij Several possibili- 
ties have been suggested for the origin of the peak. The 
simplest one is that it is related to carrier localization 
caused by discpdee, defects, or impurities, i.e. Anderson 
localizationJi3't3'[L3 This interpretation received support 
from several studies where a finite-frequency peak ap- 
peared when defects op impurities were deliberately in- 
troduced into samples Ej'oEj For example, for the pure 
YBa2Cu307_<5 at optimal doping, there is no such peak 
at finite energy; however, when some impurities such as 
Zn were introduced into the sample, or when the sample 
was irradiated by high-energy ions, the peak appeared at 
uj =/= 0. This picture cannot explain those cases where 
there are no apparent defects or impuritiesE3; further- 
more, for Anderson-type localization the effect should 
become more significant at low temperature, while in 
many experiments, including the present study, the peak 
was observed only at high temperatures. Nevertheless, 
the comparison to systems with defects is relevant in our 
case, as diffraction studies of La2- x (Ca,Sr) x CaCu206+,5 
have found a tendency for 5 to 15% of the Ca sites, 
locat^phjtjtsjvcen the CuC>2 bilayers, to be replaced by 
La.[ 



A finite-energy peak has also been observed in 
systems with static charge str ipes, such as Nd- 
doped La2- x Sr x Cu04 + 5 (Refs. p4|]25| ) and in Nd- 
free I^-xSr^CuC^+a in which one might expert, 
the existence of dynamical stripe fluctuations EjLj 
Recent neutron scattering measurements on 
La2-z(Ca,Sr) x CaCu206-H^|— have found no evidence 
of any charge orderingr§n3 At the same time, elas- 
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FIG. 3: The frequency-dependent scattering rate of 
Lai.85Sro.i5CaCu206+<5 at different temperatures. 



tic scattering frnrn antifcrromagnetic clusters has 
been observedjE3c3 clearly indicating some form of 
inhomogeneity. __ 

Recently, Takenaka et a/.tSEJ have studied the 
finite-energy-peak phenomenon in La2_ a; Sr a .Cu04 +< 5 and 
Lai_ x Sr x Mn03. They linked its occurrence to the condi- 
tion that the resistivity at high temperature exceeds the 
Mott criterion PMotti which corresponds to the point at 
which the quasiparticle mean free path I becomes compa- 
rable to the Fermi wavelength \p=2ir jhp (Refs. p9| , |30| ). 
Distinct from the low-T Anderson localization caused by 
clastic scattering due to disorder or impurities, the high- 
T phenomenon is called "dynamic" localization, and is 
attributed to strong inelastic scattering. Our present re- 
sults appear to correspond to the latter case. 

It is interesting to compare Lai.ssSro.isCaC^Oe+a 
with other heavily underdoped cuprates. One way in 
which such comparisons are often made is to plot the 
scattering rate vs. frequency, obtained by applying_jthe 
extended Drude model to the optical conductivity.!!!! In 
optimally-doped cuprates, the scattering rate is linear 
in both frequency and temperature above T c and devel- 
ops a "gap- like" suppression below T c . In underdoped 
samples, the scattering rate depression sets in well above 
transition temperature. The depression of the scattering 
rate at T > T c haSpErequently been associated with pseu- 
dogap phenomenaEil; however, it should be noted that 
no depression of the low-energy effective density of in- 
plane charge carriers has been clearly demonstrated in 
the pseudogap regime of any cuprates, contrary to the 
situation for charge motion along the c-axis£3 

Figure 3 shows the scattering rate spectra at differ- 
ent temperatures for the Lai.ssSro.isCaC^Oe+a sample 
being obtained from the extended Drude model using 
the plasma frequency of 5575 cm -1 . We can see that 
the scattering rate deviates from the linear-w depen- 
dence below 700 cm -1 even at room temperature, an 
energy scale very similar to that found in other under- 
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doped cuprates. El There is a substantial residual scatter- 
ing of about 480 cm" 1 at low frequencies which is in good 
agreement with the 433 cm" 1 width of the low-u peak in 
(J\{uj). At lower temperatures, the residual scattering de- 
creases. In accord with this, we find the narrowing of the 
low-w peak in ai{uj). In the raw data of the reflectance, 
the "gap-like" feature of the relaxation rate appears as 
the shoulder-like structure, which can also be seen clearly 
in Fig. 2. 

Finally, we make some comments about the super- 
conducting condensate. The difference between the re- 
flectance at low temperature and that at T c in low 
frequencies (within the gap energy) could be taken as 
a rough-, measure of the superconducting condensate 
density£3 From the reflectance below and above the su- 
perconducting transition temperature, no obvious differ- 
ence could be detected, indicating that the condensed 
carrier density is very small in this sample. Within cur- 
rent understanding, the superconducting gap reflects the 
pairing strength, while the condensed carrier deysitaia 
an indication of the phase stiffness of the pairing otj'LiJ 
Our result suggests that the strength of pairing coher- 
ence is quite weak. This can only partially be ascribed 
to the relatively low carrier density doped into the mate- 
rial. The low superconducting condensate is qualitatively 



consistent with the low T c of the material. 

In summary, we have determined the in-plane op- 
tical properties of two La2- a; (Ca,Sr) a ;CaCu206+i crys- 
tals. Both exhibit a peak at around 15000 cm" 1 
which corresponds to the charge-transfer gap of the par- 
ent insulator. With increasing carrier density, spec- 
tral weight shifts from the CT excitation to the low- 
uj region. For the superconducting sample, the opti- 
cal conductivity displays a peak in the far-infrared re- 
gion that shifts towards zero frequency with decreas- 
ing temperature. The feature is similar to underdoped 
La2_ a; Sr a ;Cu04+5, suggesting some dynamical localiza- 
tion. The low-frequency reflectance has some knee struc- 
ture between 400 — 700 cm" 1 , apparent at all measured 
temperatures; similar features in other cuprates have 
been interpreted as evidence of a pseudogap state. Fur- 
thermore, the superfluid density is very low, consistent 
with the low T c , suggesting that the strength of pairing 
coherence is quite weak. 
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